An inhibitor of Ca2_-calmodulin (Cam)-dependent brain phosphodiesterase was present in the soluble fraction of embryo axes from ungerminated radish (Raphanus sativus L.) seeds. This inhibitor is a Ca2+-dependent, Cam-binding protein; in fact: (a) its effect was strongly reduced by treatment with proteases; (b) the inhibition was counteracted by Cam but not by Ca2 ; (c) on gel filtration in the presence of Ca2+, Cam co-chromatographed with the inhibitor. The inhibitor is heat stable and positively charged at pH 7.5. During early phases of germination, the fresh weight and the levels of DNA and RNA of embryo axes increased, the level of the inhibitor decreased, and the level of Cam increased. Abscisic acid (ABA) inhibited germination, the decrease of inhibitor, and the increase of Cam. Fusicoccin (FC) stimulated the increase in fresh weight but not the increase in the RNA and DNA levels; in this condition, the inhibitor level decreased and the increase in Cam level was higher than in the control. In the presence of both ABA and FC, there was an increase in fresh weight not accompanied by an increase in DNA and RNA levels; Cam increased and, on a fresh weight basis, reached the value of the control. These results indicate that the Ca2+-Cam system was activated in early germination of radish seeds by an increase in Cam and a decrease in the inhibitor levels, that FC, probably through the activation of membrane functions, increased Cam level, and that the ABA inhibition on germination was not mediated by the Ca2+-Cam system. (12), to the maturation of oocytes of Xenopus (6), and to DNA synthesis and mitosis (27) . In plants a relationship between Cam level and cell growth is suggested by the fact that higher levels (17-fold) of Cam were found in the root apex (meristem) with respect to the zone of cell elongation (1) and by results on seed germination. Cam level increases during early phases of germination; this increase is reduced when germination is inhibited by ABA, and Cam level appears to be a limiting factor for the Ca2+-Cam-dependent activities (8).
enzymes so far known to be dependent on Ca2+-Cam are: Ca2+-ATPase (10), NAD+ kinase (1) , and kinases of soluble and membrane-bound proteins (20, 22, 23, 30) . These (28) , to the fertilization of sea urchin eggs (12) , to the maturation of oocytes of Xenopus (6) , and to DNA synthesis and mitosis (27) . In plants a relationship between Cam level and cell growth is suggested by the fact that higher levels (17-fold) of Cam were found in the root apex (meristem) with respect to the zone of cell elongation (1) and by results on seed germination. Cam level increases during early phases of germination; this increase is reduced when germination is inhibited by ABA, and Cam level appears to be a limiting factor for the Ca2+-Cam-dependent activities (8) .
An inhibitor of Ca2+-Cam-dependent PDE is present in radish (Raphanus sativus L.) seeds. This inhibitor could be involved in the regulation of Ca2+-Cam-dependent activities and, consequently, of seed germination (8) .
Seed germination is also characterized by the reactivation of membrane functions (4, 9) . FC, a toxin able to stimulate proton extrusion and K+ absorption and to increase the negative electric transmembrane potential (19) , stimulates germination, while ABA inhibits germination and the reactivation of membrane functions. FC reverses, in early germination phases, the inhibition of ABA on membrane functions and germination (4) .
The present paper deals with the evidence that the inhibitor, present in radish seeds, is a Cam-binding protein and reports the changes in Cam and inhibitor levels during early germination phases of radish embryos when germination was stimulated by FC or inhibited by ABA. (3) . Nondenaturing, multiphasic, low pH, discontinuous 15% PAGE was performed as described by Andrews (3) . SDS-PAGE in the presence of urea was performed using the discontinuous system described by Anderson et al. (2) .
DNA, RNA, and Protein Levels. DNA, RNA, and protein contents in germinating radish seeds were assayed according to Nieman and Poulsen (21) . Protein concentration was determined by the methods of both Lowry et al. (18) and Bradford (5), using BSA and y-globulin, respectively, as standards.
RESULTS
Identification and Characterization of an Inhibitor of Cam in the Soluble Fraction of Radish Embryos. Figure 1 shows the elution pattern, in the presence of Ca2", of the soluble fraction (100,OOOg) ofembryo axes from ungerminated radish seeds. Cam was eluted in a main peak in the zone corresponding to Mr 36,500 D; a low amount of Cam was found at higher Mr.
The fractions eluted in the zone at low Mr (about 13,000 D)
contained an inhibitor of Ca2+-Cam-activated PDE. These frac- tions (from 28 to 32) were pooled and used as source of the inhibitor.
Heat treatment (90°C for 5 min) of the inhibitor did not affect its activity on the Cam-activated PDE (data not shown).
Treatments with either leucine aminopeptidase or papain (incubation at 37°C in the presence of 10 units/mL) reduced the activity of the inhibitor to less than 10% of the control (data not shown).
The inhibitor was eluted in a single symmetrical peak in the zone at about Mr 13,000 D when analyzed on a Sephadex G-50 SF column (1.4 x 60 cm) (data not shown). Ion exchange chromatography at pH 7.5 shows that the inhibitor was not bound to anion exchanger (DEAE-cellulose) but it is bound to cation exchanger (CM-cellulose) and was eluted at 0.3 M KCl concentration. In agreement with these results, the inhibitor on nondenaturing 15% PAGE at pH 7.5 migrated toward the cathode in a single band (Fig. 2) . On nondenaturing discontinuous 15% PAGE system at low pH (separating gel at pH 3.8), the inhibitor was resolved in two bands. When the inhibitor was analyzed on SDS-PAGE in the presence of 8 M urea, it was separated in two bands showing about Mr 9,500 D ± 7% (SD) and about Mr 5,000 D ± 5% (SD) (Fig. 2) . Figure 3 shows that increasing concentrations of the inhibitor progressively inhibited Cam-activated PDE; the amount of inhibitor required to inhibit Cam-activated PDE was higher when the PDE was assayed in the presence of higher amounts of Cam. An increase of calcium in the test assay mixture of PDE from 0.2 to 10 mm did not affect the inhibitor activity (data not shown). Figure 4A shows that the elution peak of Cam on Sephadex G-75 SF column chromatography shifted from 23,500 D (characteristic of Cam on gel filtration), progressively with increasing amounts of the inhibitor, to zone of higher Mr in the presence of higher amounts of the inhibitor, Cam was eluted in the zone corresponding to .  Table II shows also that the levels of the inhibitor at 24 h of incubation in water or in FC were less than 6% of that present in the ungerminated seeds. ABA strongly inhibited the decrease of Cam inhibitor.
Separation on Sephadex G-75 SF Column of Cam and Cam Inhibitor Present in the Soluble Fraction. Figure 5 shows that the peak ofprotein eluted in the low Mr zone decreased (compare with Fig. 1 ) during the first 24 h of incubation in water or FC. This decrease did not take place in seeds incubated in the presence of ABA-and ABA+FC-treated seeds.
Cam in seeds incubated 24 h in water was eluted in some shallow peaks in the zone corresponding to an Mr higher than about 30,000 D (fractions up to 25). When the elution was performed in the absence of Ca2 , less than 10% of total Cam was eluted in the zone at Mr higher than 30,000 D (data not shown).
The Cam present in the zone of Mr lower than 30,000 D can be considered as "free" Cam (i.e. not bound to other structures). This fraction accounted for 7 and 5% of total Cam present in the soluble fraction for the seeds incubated in water or in FC, respectively. Cam from seeds incubated in ABA+FC was eluted in a very large zone comprehending Mr lower than 30,000 D: "free" Cam, in fact, was calculated to be more than 22% of total Cam.
The inhibitor was eluted in the zone of Mr of about 13,000 D, and its level was low for the seeds incubated in water or FC and high for the seeds incubated in ABA or ABA+FC. (27) .
